Using high-performance liquid chromatography, 11 sulfur-containing flavor precursors were determined quantitatively in seven Allium vegetables: garlic (Allium sativum), onion (A. cepa), Welsh onion (A. fistulosum), Chinese chive (A. tuberosum Rotter), rakkyo (A. chinense G. Don), 'asatsuki' (A. schoenoprasum), and leek (A. porrum). Keywords: alliin, Alliums, flavor precursor, glutamyl peptide, high-performance liquid chromatography, isoalliin, S-alk(en) yl-L-cysteine *To whom correspondence should be addressed. E-mail: yoshihisa_yamazaki@aomori-itc.or.jp
Introduction
Allium vegetables, such as garlic (A. sativum L.) and onion (A. cepa L.), have been used as seasoning vegetables worldwide (Block, 1992 (Block, , 2010 . Allium vegetables contain large amounts of S-alk(en)yl-L-cysteine derivatives (SACs, Fig. 1 ) (Kubec et al., 2000) . When these vegetables are cut or crushed, S-alk(en)yl-L-cysteine sulfoxides (SACSOs), i.e., methiin, alliin, isoalliin, are cleaved by alliinase (cysteine sulfoxide lyase: EC 4.4.1.4) to give the corresponding alk(en) yl sulfenic acids (Stoll and Seebeck, 1951) . The sulfenic acids are transformed via continuous reactions to thiosulfinates (e.g., diallyl thiosulfinate (allicine)) and other organosulfur volatile compounds (e.g., diallyl disulfide) to produce characteristic flavors . These organosulfur volatile compounds have been reported as flavor compounds of food, in addition to bioactive compounds (Block, 1994) , or causal compounds of processed food discoloration (Kubec et al., 2004; Imai et al., 2006) .
The degrees of the respective contributions of these organosulfur volatile compounds to flavor, bioactivity, and food discoloration depend on their alkyl moieties: they are dominated by the kinds and quantities of SACSO as substrates of alliinase in Allium vegetables. Allium vegetables also contain γ-glutamyl peptides of S-alk(en)yl-L-cysteine (Glu-SAC) corresponding to SACSOs that are storage compounds during dormancy (Tuboi et al., 1989; Lancaster and Shaw, 1991; Lawson et al., 1991; Ichikawa et al., 2006b) . These SACSOs as well as Glu-SAC in Allium vegetables should be evaluated as Glu-SAC is metabolized to SACSO depending on the storage conditions.
Comparing the contents of SACs in individual Allium ical Industries Ltd. (Osaka, Japan). Water purified using a Milli-Q instrument (Millipore Corp., MA, USA) was used for all sample preparations and mobile phases.
Reference compounds
, and N-(γ-glutamyl)-S-(2-propenyl)-L-cysteine sulfoxide (Glu-ALCSO) (98%) were isolated from garlic cloves. Isoalliin (99%), N-(γ-glutamyl)-S-(E-1-propenyl)-L-cysteine sulfoxide (Glu-PECSO) (96%), and S-2-carboxy propyl gluthathion (2CPGTH) (98%) were isolated from onion bulbs. N-(γ-Glutamyl)-S-methyl-L-cysteine (Glu-MEC) (91%) was isolated from Chinese chive seeds. All reference compounds were lyophilized powders and their purities were assessed by HPLC. Isolation procedures were done similarly to procedures described in the literature, with some modification (Ueda et al., 1990; Lawson et al., 1991; Mütch-Eckner et al., 1992b , 1993 . Briefly, all reference compounds were roughly divided with a SCX resin, and isolated using preparative HPLC (octadecylsilane or SCX column). NMR spectra and mass spectra of the acquired compounds were measured to assess their structures. species might allow control of flavors, health benefits, and product discoloration. To date, few reports have sufficiently described species and constituents for this purpose. Generally, SACs in Allium vegetables have been analyzed using reverse phase high-performance liquid chromatography (HPLC), with subsequent pre-column derivatization in alkaline conditions (Ziegler and Sticher, 1989; Mütch-Eckner et al., 1992a; Thomas and Parkin, 1994) . Isoalliin is known to convert to cycloalliin automatically in alkaline conditions (Ueda et al., 1994) . We developed an HPLC method using a strong cation exchange (SCX) column and UV detection to evaluate SACs in garlic (Yamazaki et al., 2005) . This analytical method can precisely evaluate isoalliin and cycloalliin in garlic as there is no alkaline pre-column derivatization step.
In this report, we applied our HPLC method to onion, Welsh onion (A. fistulosum L.), Chinese chive (A. tuberosum Rotter), rakkyo (A. chinense G. Don), 'asatsuki' (A. schoenoprasum L., a kind of edible chives in Japan), leek (A. porrum L.), and garlic to evaluate the contents of 11 SAC compounds.
Materials and Methods
Chemicals Methanol of HPLC grade and other chemicals of reagent grade were purchased from Wako Pure Chem- 
with that with a cleaned-up procedure.
HPLC instrument and analytical conditions HPLC was carried out with a 600S solvent controller equipped with a 996 photodiode array detector (detection range, 190 -300 nm) and a 717 auto sampler (Waters Corp., MA, USA). The HPLC conditions were as follows: column, Capcell Pak SCX UG (5 µm, 80 Å, 250 mm × 4.6 mm i.d.; Shiseido Co., Ltd., Tokyo, Japan); column temperature, 45℃; flow rate, 1 mL/ min; mobile phase, 10 mmol/L potassium dihydrogen phosphate (pH 2.50); and quantitative wavelength, 210 nm.
Reference solutions were prepared using a bond elute SCX cartridge from a mixture solution of the 11 reference compounds described above. Calibration curves of reference compounds were obtained from peak areas of 5, 20, 40, 60, 80, 100 µL injections of the reference solutions (0.2 mg/mL each compound). Of the sample solution, 50 µL were injected into the HPLC system. Peak identification was based on the comparison of obtained retention times and spectra with those previously determined for reference compounds. Moisture content of the sample powders was determined by measuring the weight loss at 105℃.
Results and Discussion
Analytical performance Linear relationships between injection of references (1, 4, 8, 12, 16 , and 20 µg for each compound) and corresponding peak areas were confirmed. The correlation coefficients of all 11 compounds were > 0.996. Interday deviations of peak areas of all reference compounds (4-µg injection, each) were < 3% (relative standard deviations, n = 3) ( Table 1) . Detection limit (signalto-noise ratio of 3) for all 11 compounds was about 0.02
Plant material All Allium vegetables examined were purchased from stores in Japan during July 2005 -March 2006; they were frozen at −20℃ immediately after they were purchased. Rakkyo was examined as immature bulbs sold under the name esharotto in Japan for consideration of availability through the year. All samples were sliced after frozen, and then their edible portions were freeze-dried. The freeze-dried samples were powdered using a food blender and stored at −35℃ until analysis (May 2006) .
Preparation of sample solutions for HPLC Extraction from sample powder was done with more acidic solutions than those described in the literature (Mütch-Eckner et al., 1992b) to sufficiently prevent alliinase activity. In a test tube, 500 mg sample powder was suspended immediately in 25.0 mL methanol-water-formic acid (50:50:1, v/v/v), and then extracted for 60 min using an ultrasonic cleaner. The resulting mixture was filtrated using a paper filter (No. 40; Whatman, Maidstone, England). To a bond elute SCX cartridge (Jr. 500 mg, Varian, Inc., CA, USA), 5 or 2 mL filtrate was charged; then 5 mL methanol-water-formic acid (50:50:0.1, v/v/v) was passed through to wash the cartridge. Subsequently, 9.5 mL of 100 mM potassium dihydrogen phosphate solution (pH 4.0) was loaded on the cartridge to displace SACs. The obtained solution was diluted to 10.0 mL with water in a volumetric flask and filtrated using a membrane filter (0.45 µm, Millex-LH; Millipore Corp.). The sample solutions were stored in an auto sampler (< 10℃) and analyzed within 24 h of preparation. From each powder sample, three sample solutions were prepared on three separate days.
Assay of differences between freeze-dried power and raw material, and recovery of SCX clean-up procedures Differences between freeze-dried powder and raw material were evaluated by comparing similar portions divided from a single onion bulb. One peeled onion bulb (harvested in 2007 in Hokkaido, Japan) was divided vertically into eight equal portions: three were analyzed immediately as a raw material, three were freeze-dried to be evaluated as described in this paper, and the remaining two were measured for their raw moisture contents. To evaluate the raw material, the onion bulbs were divided vertically again in half (1/16 of whole bulb, about 12 g each), and three halves were immediately extracted with 70 mL methanol-0.01 mol/L hydrochloric acid (90:10, v/v) for 10 min using a food blender after division (Ichikawa et al., 2006a) . The obtained raw homogenates were diluted to 100 mL with the extract solutions used to wash the apparatus. They were quantified using our HPLC method. The three freeze-dried bulbs were powdered and evaluated in the same manner. Additionally, the sample solutions extracted from the freeze-dried powder were evaluated without an SCX cartridge clean-up procedure and compared five constituents (i.e., methiin, isoalliin, cycloalliin, Glu-PECSO, and 2CPGTH) in freeze-dried powder and raw material ranged 92 -103%. A SCX cartridge was mainly used to remove carbohydrates and basic amino acids (Yamazaki et al., 2005) . Recovery of the constituents during SCX cartridge clean-up procedures estimated ranged 92 -102%. Overall differences in the values obtained using the method described in this paper from conventional methods, which extracted samples from raw material without sample cleanup procedures, ranged 92 -100%. Taken together, our data closely represent the actual contents of SACs in raw Allium vegetables. µg (0.01 -0.03 µg). These values corresponded to 0.004 g compound/100 g dry garlic powder. From these results, we determined 0.005 g and 0.01 g/100 g dry sample powder as the detection limit and the quantitative limit, respectively. Recovery experiments were carried out by adding reference compounds to garlic and onion powder. The recoveries obtained were 94 -107% with relative standard deviations of < 4% (Table 2) .
Additionally, differences between freeze-dried powers and raw materials (moisture content: 91.5%) were estimated using analysis of one onion bulb that had been divided vertically into eight equal portions (Table 3) . Differences between a Structures and abbreviations of compound names are presented in Fig. 1 . b Values are means ± standard deviation, n = 3. c Overall difference between values obtained using the method described in this paper and the conventional method.
Methiin, alliin, and isoalliin are converted to thiosulfinates by an alliinase reaction when the tissues are cut or crushed, and then further converted to their characteristic flavors. Characteristic flavors of Allium vegetables depend on the contents of methiin, alliin, and isoalliin at the time of alliinase reaction (tissue disruption). Based on the molar ratio of methiin/alliin/isoalliin (M/A/I, %) determined in this study, onion, Welsh onion, asatsuki, and leek are presumed
Contents of SACSO in Allium vegetables
Three constituents --methiin, isoalliin, and cycloalliin --were found as common SACSOs in all seven Allium vegetables (Fig.  2, Table 4 ). Alliin was detected as a specific constituent in garlic and Chinese chive. Major SACSO constituents in each Allium vegetable were methiin in Chinese chive and rakkyo; alliin in garlic; and isoalliin in onion, Welsh onion, asatsuki and leek. Contents of cycloalliin and deoxyalliin in Allium vegetables Cycloalliin and deoxyalliin (S-allyl-L-cysteine), which do not contribute to flavor as they lack alliinase sensitivity, are considered to be bioactive compounds for human health (Lawson, 1996) . Cycloalliin has a lipid-lowering effect (Agarwal et al., 1977; Yanagita et al., 2003) ; it is converted from isoalliin when heated (Ueda et al., 1994) . Although no remarkable difference in cycloalliin content (0.1 -0.4 g/ 100 g dry wt) was noted among the seven Allium vegetables, onion, Welsh onion, asatsuki, and leek are presumed to have high cycloalliin contents when heated, based on their isoalliin contents (2.1 -4.9 g/100 g dry wt).
Flavor Precursors in Seven Alliums
Although deoxyalliin is considered to have anti-cancer effects and antioxidant effects (Amagase, 2006) , it was only detected in trace amounts (< 0.01 g/100 g dry wt) in garlic and not at all (< 0.005 g/ 100 g dry wt) in the other vegetables. Deoxyalliin is acquired from long-term soaking of garlic in an aqueous ethanol solution, in which deoxyalliin is accumulated from Glu-ALC through hydrolysis. From this accumulation mechanism of deoxyalliin, it is more effective to use dormant garlic with a greater Glu-ALC content as an ingredient.
Seasonal differences in isoalliin and Glu-PECSO contents in onions Another interesting result was that isoalliin contents in onions sold during summer (Nos. 4 and 5 in Table 4 , mean value: 1.13 g/100 g dry wt) were remarkably lower than those in onions sold during winter (Nos. 6 and 7, mean value: 3.08 g/100 g dry wt); while the Glu-PECSO contents in summer and winter were respectively 2.09 and 0.24 g/100 g dry wt. These results, which are not definitive because cultivar and storage conditions are unknown, suggest seasonal differences of flavor intensity and irritation of onions. Thus, onions sold in winter are presumed to cause more irritation than those sold in summer in Japan, which coincides with consumers' experiences. Based on the isoalliin and Glu-PECSO contents in onions, onions sold during summer might be deeply dormant, while those sold during winter might be lightly dormant.
In summary, the distribution of flavor precursors, Salk(en)yl-L-cysteine derivatives (SACs) differed not only among species, but also according to the intensity of dormancy, which is presumed to depend on the season and storage conditions. Consideration of SAC distributions in Allium vegetables might enable improvement of the quality of their products.
